Lysyl oxidase plays a critical role in the formation of the extracellular matrix and its activity is required for the normal maturation and cross-linking of collagen and elastin.
INTRODUCTION
Lysyl oxidase catalyzes the oxidative deamination of peptidyl lysine and hydroxylysine residues in collagen and lysine residues in elastin. The resulting aldehydes react further leading to covalent cross-link formation (19, 34) . Collagen cross-links are required for its normal physical properties of tensile strength, and deficient levels of lysyl oxidase dependent cross-links in bone collagen are associated with osteoporosis and weak bones (1, 23, 30, 31) .
Lysyl oxidase is synthesized as a 50 kDa pro-enzyme (39) . Pro-lysyl oxidase is Nglycosylated in the endoplasmic reticulum and the Golgi complex and is then secreted into the extracellular environment, where it is processed into the 32 kDa mature lysyl oxidase enzyme and an 18 kDa propeptide by BMP-1 family members (6, 33, 39, 41) .
Besides its traditional role as an extracellular enzyme required for cross-link formation, lysyl oxidase was also found to have tumor suppressor activity (5, 21) . Recent data indicate that LOPP is largely responsible for phenotypic reversion of ras-transformed fibroblasts and breast cancer tumor cells and tumor suppression by lysyl oxidase (17, 32)Min, 2007 #1037], wheras lysyl oxidase enzyme activity is associated with promoting tumor invasiveness (9, 22) . A new understanding is emerging from these observations, that there may be a balance in the biological activities between the released LOPP and active lysyl oxidase enzyme. Recently we reported that LOPP immunostaining was observed in osteoblast cultures and that intact LOPP was detected in the whole cell lysate of differentiating MC3T3-E1 cells (15) . In the present study, we further investigated intracellular localization of LOPP at different stages of osteoblast differentiation by confocal immunofluorescence microscopy and Western analyses.
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MATERIALS AND METHODS
Reagents. Alpha-minimum essential medium, penicillin-streptomycin solution, nonessential amino acids, trypsin-EDTA, and Pro-Bond resin were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was from Hyclone (Logan, Utah).
Goat anti-rabbit Alexa Fluor 568, goat anti-mouse Alexa Fluor488, BODIPY FL C 5 -ceramide and Topro-3 were obtained from Molecular Probes (Eugene, OR).
Cell culture. Murine osteoblast-like MC3T3-E1 cells were obtained from the American Type Culture Collection. Cells were cultured in E-MEM, containing 10% FBS, 1% nonessential amino acids, 100 U/ml penicillin and 100 µg/ml streptomycin. To initiate differentiation, at confluence cells were fed with -MEM, 10% FBS, 50 µg/ml ascorbate, 1% non-essential amino acids, 100 U/ml penicillin and 100 µg/ml streptomycin for two days. Then, beginning on day zero of differentiation, cells were cultured in this medium containing in addition10 mM -glycerophosphate.
Immunofluorescence analyses. MC3T3-E1 cells were cultured on Lab-Tek glass 4-chamber-slides in complete medium or differentiation medium. Sub-confluent or differentiating cells were then fixed in 4% paraformaldehyde for 15 min at room temperature. The cells were made permeable in ice-cold 0.2% Triton X-100, and blocked in 1.5% serum of the same species as the second antibody was generated. After blocking, slides were incubated with primary antibody for 2 hours. Primary antibody was diluted in blocking serum. Non-immune antisera or purified immunoglobulins were used as negative controls. Subsequently, slides were incubated with appropriate secondary antibody for one hour. Then cells were double stained with different organelle markers (Alexa Fluor 488 concanavalin A for endoplasmic reticulum, BODIPY FL C 5 -ceramide for Golgi complex and Topro-3 for nuclear staining) or phalloidin for actin. Slides were mounted with Gel/Mount anti-fade aqueous mounting material (Biomeda) and observed by Zeiss inverted LSM 510 confocal laser scanning microscope. Cell images were captured and image analysis was performed using Zeiss LSM 510 software 2.5. Primary LOPP antibody was generated against recombinant LOPP expressed in E. coli as previously described (15) and the IgY fraction was used at a concentration of 79 µg/ml.
Mature anti-bovine lysyl oxidase antiserum was provided by the laboratory of Herbert M.
Kagan, Boston University School of Medicine. Mouse anti-bovine tubulin monoclonal antibody (Molecular probes, catalog # A-11126) and was used at a concentration of 1 µg/ml. Non-immune controls gave no significant signals in the confocal analyses.
Cytosol and nuclear fraction preparation. Proliferating MC3T3-E1 cells from two confluent 100 mm cell culture plates were washed twice with ice-cold PBS, scraped into PBS, pelleted and resuspended in 500 Kl Nonidet P-40 lysis buffer (0.5% IGEPAL CA 630, 25 mM KCl, 5 mM MgCl 2, 10 mM Tris.Cl, pH 7.6 and 1 mM PMSF). After incubating at 4ºC for 20 min, the sample was centrifuged at 3000 rpm 4ºC for 5 min. The resulting supernatant was the cytosolic fraction. The pellet was washed with cell lysis buffer 3 times, and centrifuged at 3,000 rpm 4º C for 5 min. The resulting pellet was dissolved in 50 µl sample buffer and termed as the nuclear fraction (3). For differentiating cells, two 100 mm plates of cells were washed with PBS, collected and the suspension containing cells and extracellular matrix was centrifuged and suspended in lysis buffer as described for proliferating cells. The pellet was suspended in 1 ml lysis buffer and then gently homogenized with a Dounce homogenizer for 40 strokes on ice, and then incubated for 20 minutes and processed as described above for proliferating Page 6 of 37 cells. All subsequent steps were identical to those described for proliferating cells. The cytosolic and nuclear fractions were subjected to immunoblotting. Protein concentrations were determined using the NanoOrange kit (Molecular Probes).
Immunoblotting. Cell fractions were resolved by electrophoresis on 10% Tricine-SDS-PAGE gels. The proteins were then transferred to PVDF membranes (38) . Blots were blocked in TBST (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% Tween) containing 5% non-fat dry milk for 1 hour and incubated with primary antibody diluted in TBST containing 5% non-fact dry milk overnight at 4ºC. After extensive washing with TBST, the blots were incubated with secondary antibody for an hour. Polyclonal antilysyl oxidase propeptide IgY was generated against recombinant propeptide fragment 23-146 (15) . Affinity purified anti-mature lysyl oxidase antibody was generated against rat peptide sequences 181 -196 and 293 to 309 as described (17). Appropriate secondary horseradish peroxidase coupled secondary antibodies and were utilized and were obtained from Promega. Enhanced chemiluminescence (ECL, Amersham Pharmacia) was used to visualize the specific protein bands.
Preparation of recombinant proteins. Rat LOPP was expressed in E. coli as a fusion protein containing an N-terminal Express tag and purified as described (15) .
Deglycosylation assay. MC3T3-E1 cells were cultured in the presence or absence of 400 pM TGF-P for 18 hours in 100 mm cell culture plates (10). Media samples were collected from five plates per group (50 ml), concentrated to 0.5 ml with Centricon-plus (Amicon) concentrators, and then 100 µl aliquots were precipitated with cold acetone overnight at -20 o C, and pellets were collected by centrifugation in a refrigerated microcentrifuge at maximum speed for 20 min (14) . Supernatant fluids were discarded Page 7 of 37 8 and the pellets were air dried. The pellets were re-dissolved in 90 µl reaction buffer (20 mM sodium phosphate, pH 7.5) followed by 5 µl of 2% SDS, 1 M 2-mercaptoethanol to a final concentration of 0.1% SDS and 50 mM 2-mercaptoethanol. The reactions were boiled for 5 minutes, cooled to room temperature. Then, 5 µl of non-ionic detergent IGEPAL CA 630 was added, and 24 µl aliquots were treated with N-glycosidase, PNGase F at 37Q C for two days, according to the product instructions (Sigma). Control reactions were treated with enzyme vehicle (20 mM TRIS, pH 7.5, 1 mM EDTA, 50 mM NaCl). After digestion, the samples were boiled in sample buffer, electrophoresed on 10% Tricine SDS-PAGE followed by Western Blotting with the anti-LOPP antibody.
Far Western blots. Tubulin overlay assays (far-Western blots) to investigate tubulin/LOPP interactions were conducted using a procedure modified from Rozdzial (35). Recombinant LOPP (10 µg), and bovine serum albumin (10 µg) (Sigma), were separated on SDS-PAGE, and electro-transferred to nitrocellulose membranes. Blots were blocked in PBS containing 2% BSA for 2 hours at room temperature. The blots were then incubated with 10 µg/ml tubulin (Cytoskeleton) or polymerized tubulin in overlay buffer (1% BSA, 20% sucrose, 100 mM PIPES, 1 mM EGTA, 1 mM MgCl 2 , pH 6.6-6.8, 1 mM DTT, 25 mM NaF and protease inhibitor cocktail) at 4QC overnight. 
RESULTS
Localization of LOPP in proliferating MC3T3-E1 cells by immunofluorescence.
Osteoblast differentiation exhibits a series of well-characterized phenotypic phases: cytosol fraction was not determined, but its weak intensity is consistent with low amounts of immunofluorescence seen in the cytosol with this antibody. The purity of the cytoplasmic and nuclear fractions, respectively, were analyzed with tubulin antibody as a cytosolic marker, and histone H1 antibody as a nuclear marker. As expected, tubulin was only detected in the cytosolic fraction, while histone H1 was only detected in the nuclear fraction.
Localization of LOPP in differentiating MC3T3-E1 cells by immunofluorescence.
To follow the distribution of LOPP during osteoblast development, we next investigated the localization of LOPP epitopes in differentiating MC3T3-E1 cells.
Immunofluorescence analyses with the anti-LOPP antibody revealed that on day 6 of differentiation, LOPP immunoreactivity was mainly in the cytosol. Staining was also observed in nucleus, but this was lower in proportion compared to the degree of staining observed in the cytosol ( Figure 3A) . Double immunofluorescence showed that cytosolic LOPP was largely co-localized with tubulin ( Figure 3A In summary, in proliferating cells, LOPP epitopes were found in primarily in the perinuclear region where it was associated with the Golgi and endoplasmic reticulum, whereas the lysyl oxidase antibody primarily marked the nucleus. In differentiating cells, LOPP and lysyl oxidase immunoreactivity both exhibited primarily microtubule associations. Thus. data show that as a function of differentiation, the major sites of accumulation of LOPP and lysyl oxidase epitopes, respectively, change.
The 35 kDa immunoreactive protein is N-glycosylated LOPP.
As shown above, three specific immunoreactive bands were detected by anti-lysyl oxidase propeptide antibody in MC3T3-E1 cellular fractions. The 50 kDa protein is corresponding to lysyl oxidase proenzyme; the 18 kDa mass matches the mobility of bacterial recombinant LOPP, though the calculated molecular weight of LOPP is 15,290
Mr. The structure of the 35 kDa immunoreactive protein is not immediately obvious, and this was next investigated. We have previously shown that the 50 kDa proenzyme is N- 
LOPP binds tubulin in vitro.
Immunofluorescence analyses showed that LOPP co-localizes with microtubules in osteoblasts. We next asked whether LOPP interacts directly with tubulin. To answer this question, the interaction between recombinant LOPP and microtubules was studied by two different approaches. First, we used the Far Western (tubulin overlay) technique. 10 µg of purified LOPP and bovine serum albumin (Sigma) were each subjected to SDS PAGE, and transferred to nitrocellulose membranes.
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Membranes were then overlaid with dimeric tubulin or taxol-promoted polymerized tubulin. Blots were washed, and bound tubulin was then detected with anti-tubulin and peroxidase-coupled secondary antibodies. Data ( Figure 5A ) indicate that only recombinant LOPP binds significantly to tubulin, whereas serum albumin binding to tubulin was very weak. Taxol polymerization of tubulin did not appear to promote or inhibit binding to LOPP under these conditions.
Additional binding experiments were carried out using pull-down assays to independently assay for LOPP/tubulin binding. Purified His-tagged LOPP was bound to HIS-SELECT resin, a nickel affinity matrix, as described under "Materials and postulate that LOPP similarly may re-enter cells and exert biological effects. We, therefore, performed a study of the uptake of exogenously added LOPP that contains an N-terminal Xpress Tag epitope (InVitrogen) that is recognized by a highly specific monoclonal antibody (15) . LOPP (10 µg/ml) was added to proliferating MC3T3-E1 cells, and cells were subjected to fixation and immunofluorescence analyses with the antiXpress antibody. Co-localization was also determined with tubulin. After five minutes of incubation, punctuate cell-associated LOPP was seen (data not shown). By 90 minutes, intracellular LOPP was more obvious and appeared to be bound to cytoskeletal elements, some of which co-localized with tubulin ( Figure 6 ). By 150 minutes, staining was more evenly distributed in the cell and mostly co-localized with tubulin. Thus, exogenously added LOPP is taken up and ultimately associates with microtubules, and resembles the natural association of LOPP with tublin seen in Figure 3A . to 60 of rat LOPP, RRRDSATAPRADGNAAAQPR, is similar to the nuclear localization signal identified in N-myc, ERRRNHNILERQRRND (4, 25). Thus, once inside cells, LOPP could be directed into the nucleus by the nuclear localization signal. In addition, internalized LOPP would be available to bind tubulin and microtubules in the cytosol, as seen in new data provided in this report. We speculate that the lack of apparent coassociation of LOPP with microtubules in proliferating osteoblasts seen in Figure 1 is due to insufficient production and accumulation of extracellular LOPP that ultimately reenters cells. This notion is consistent with previous findings that show increased accumulation of LOPP in differentiating osteoblasts (15), and with the LOPP uptake data presented in Figure 6 .
The present study detected forms of LOPP with apparent molecular weights of 35,000 Mr and 18,000 Mr both of which are considerably higher than the predicted molecular weight of 15,290 Mr of the non-glycosylated mouse LOPP following signal peptide removal, and procollagen C-proteinase processing. Studies with PNGase F demonstrated that the 35 kDa LOPP is N-glycosylated, and the resulting deglycosylated polypeptide matches the mobility of the 18 kDa band. It is known that the 50 kDa lysyl oxidase proenzyme is N-glycosylated, and that the two consensus N-glycosylation sites are contained within the pro-peptide region (6, 33, 39) . The apparent molecular weight of the 35 kDa LOPP is much higher than predicted, given that each N-glycosylation should result in an increase of about 1.5 -3.0 kDa each, depending on whether the N-linked carbohydrates are high mannose, hybrid, or complex. In addition it is notable that the apparent molecular weights of both the non-glycoyslated and glycosylated LOPP on SDS PAGE are higher than predicted. The unexpected slow mobility of these proteins is very likely due to the highly basic character of LOPP. Proteins containing highly basic regions exhibit similarly slow mobility on SDS PAGE (16) , and post-translational modifications of basic proteins results in changes in mobility that are larger than predicted (18) .
In the present study we found that LOPP interacts and binds to tubulin in differentiating osteoblasts. Microtubule associated proteins (MAPs) are proteins that bind to tubulin via electrostatic interactions (7) and modulate the assembly and the stability of microtubules and mediate their interactions with other cellular components (29, 43) . Such charge-charge interactions may also account for the specific binding between the LOPP and negatively charged microtubules reported here. Microtubules are cytoskeletal structures that are critical for various cellular functions such as the determination of cell division, cell shape and polarity, cell movement, intracellular transport and signal transduction (7, 8, 12, 13) . The association between LOPP and microtubules may suggest potential functions of LOPP in controlling osteoblast proliferation or differentiation. It will be interesting to determine in future studies whether LOPP and lysyl oxidase play synergistic or opposing functional roles in developing osteoblasts.
It is also of interest that pro-lysyl oxidase and mature lysyl oxidase were found inside osteoblasts, and that lysyl oxidase, like LOPP, was found to be associated with microtubules in differentiating cells. Filamentous staining of lysyl oxidase resembling cytoskeletal association was reported in skin fibroblasts some time ago detected with a highly specific monoclonal antibody against mature lysyl oxidase (24, 42) . In smooth muscle cells and NIH3T3 fibroblasts mature lysyl oxidase was found in the nucleus (25).
Studies have shown that mature lysyl oxidase is taken up by smooth muscle cells, and then translocated to the nucleus (28) . At this time, intracellular functions for mature lysyl with Topro-3 (blue) was also conducted at 0 min only to help define cell morphology. Oil
